I. INTRODUCTION
T HREE dimensional (3-D) magnetic properties of the soft magnetic composite (SMC) material are important for analyzing the operational performance of electrical machines [1] , in which the magnetic flux density in SMC is rotational. The SMC materials display complicated relationship between magnetic field strength vector and magnetic flux density vector under 3-D excitation due to the magnetic domain wall dynamics and non-uniform distribution of local magnetization [2] . Magnetic properties of SMC materials over wide frequency range are crucial factors for accurate analysis of magnetic field in 3-D flux machines [3] . By using a 3-D magnetic property tester developed at University of Technology, Sydney (UTS), a kind of SMC material, SOMALOY™ 500 developed by Höganäs AB, Sweden, has been measured and analyzed under 50 Hz excitation [4] - [8] . However, there are no studies on 3-D magnetic measurement over wide range of excitation frequency, which is strongly demanded by electrical machine designers. In this paper, an improved 3-D tester with adjustable multi-layer excitation coils is discussed, in the centre of which novel precision -sensing coils are attached on a cubic SMC specimen. Various hysteresis loops and core losses at different frequencies under alternating excitation are presented and analyzed. Additionally, 3-D -loci and corresponding core losses are also analyzed in detail when the vector is controlled to be ellipses evolving from a straight line into a circle in three orthogonal planes.
II. IMPROVED 3-D MAGNETIC TESTING SYSTEM

A. Structure of Improved Excitation Coil
The first 3-D magnetic property tester was set up to measure 3-D hysteresis loci and losses at 50 Hz [5] . In order to mea- sure properties over wide range of frequency the original excitation coil was reformed to cover three ranges of frequency, 2 Hz-20 Hz, 20 Hz-200 Hz, and 200 Hz-1000 Hz. Each new coil is consisted of three coils. Fig. 1 shows the structure of improved multi-layer excitation coil. The first two layers, 70 turns, are designed for high frequency range. The middle six layers combining with the first two layers are for medium frequency range. The outer eight layers together with inner and medium eight layers are for low frequency range. In order to validate the excitation coil structure, 3-D finite element magnetic field analysis has been performed to exhibit the flux distribution in the Hi-B lamination yoke and SMC specimen. Fig. 2 shows the tester structure and magnetic field distribution under 3-D excitation when three pairs of excitation coils in three orthogonal axes are connected in series. The simulation result shows that generated fields are uniform and the field can be up to 1.9 T in the center of 3-D tester.
B. Improved Structure of the Sensing Coils
The original sensing box was composed of six cross-type coils attached on six surfaces of a cubic specimen. Three coils was wound around three axes of the cubic specimen [5] . The size of the coil is approximately equal to that of the specimen side surface. Therefore, the magnetic field at the measured area is not uniform due to the demagnetization factor. The improved sensing box combines six coils and six coils, as shown in Fig. 3 . The small circle coil is embedded in the center of the epoxy resin frame, around which coil is wound and covers the coil. A double-layer winding structure is adopted to eliminate electromotive force (emf) induced by unwanted stray field, as shown in Fig. 3(a) . Be noted that the two terminals of each coil are twisted to eliminate interference from stray field. The six -sensing coils are integrated to a sensing box and all coils are located at the center of each surface. As a result, a cubic specimen can be easily mounted into the sensing box and the surface of specimen is as close as possible to the -sensing coils, as shown in Fig. 3(b) . Also the measured field is uniform and close to the fields in specimen.
C. Calibration of the Sensing Coils
For accurate measurement of 3-D magnetic properties, the sensing box was calibrated in a long solenoid to obtain box coefficients [9] , : (1) where is the rms value of the induced emf, is the peak value of the flux density in the center of the solenoid, is the excitation frequency.
The coefficients are used to calculate and vectors in the specimen as shown in (2)-(3). The average values are shown in Table I . The off-diagonal coefficients for coils are ignored since they are very small comparing with diagonal values. Hence, the vector can be simply calculated from (2). However, for coils, the off-diagonal elements cannot be ignored because the field perpendicular to the laminar coil also induces large emf due to irregularity of the coil. According to Faraday Induction Law, the inducted voltages crossing and coils can be expressed as
The magnetic field strength and flux density components can then be worked out.
III. EXPERIMENTAL MEASUREMENT
By using the improved 3-D tester, experiments in wide ranges of excitation frequency have been carried out under both alternating and rotating magnetization conditions. Fig. 4 shows a group of -hysteresis loops at different flux densities at 5 Hz, 20 Hz, 500 Hz, and 1000 Hz. It can be found out that the maximum flux density at 1000 Hz is improved to 0.54 T, compared with 0.1 T of original tester. Fig. 5 shows the loops at 50 Hz along -, -, and -axes. As shown, the loops for the -and -axis are similar, while the -axis seems to be the easy axis, though the specimen is expected to be magnetically isotropic. This phenomenon is also observed at other frequencies. It may imply that the particles of the SMC specimen are much closer along the -direction than along the -and -directions, that is, higher mass density and weaker demagnetization field along the -direction [10] . Fig. 6 plots core losses along -axis at different frequencies. It is noted that the core loss increases quickly at high frequency range. Therefore, for SMC electrical machine the flux density in the SMC core should be chosen lower than 0.5 T to reduce the total core loss [6] . 
A. Alternating Magnetic Properties
B. 3-D Magnetic Properties
The rotational -properties are also investigated. The controlled circular loci and the corresponding loci are measured at 50 Hz with increasing amplitude (up to 1.3 T) in the xoy-, yoz-and zox-planes, as shown in Fig. 7 . It is observed that the and loci lie in the same magnetization plane. The loci in the xoy-and yoz-planes evolve from ellipses into rectangular loops while the loci in the zox-plane changes from circles into square loops. This result is consistent with alternating hysteresis loops as shown in Fig. 5 , due to easy magnetization along the -axis. The rotational loci at low frequency are similar with that at 200 Hz, but at high frequency range loci are distorted due to higher-order harmonics. The loci change to irregular shapes with increasing excitation frequency. Fig. 8 illustrates the and loci at 200 Hz when the loci are controlled to be a series of ellipses, where the axis ratio, , of the minor axis to the major axis changes from 0 to 1. Compared with the locus at 50 Hz, as shown in Fig. 7(b) , the locus obtained at 200 Hz is slightly different when locus is also controlled to be a circle though they are expected to be the same.
IV. CONCLUSION
The 3-D magnetic property tester is reformed to expand measurement frequency up to 1000 Hz by using flexible multi-layer excitation coils. In addition, new designed sensing box can measure and vector in a cubic specimen more accurately and has a flexible structure to change the specimen. The results show that loci in a cubic SMC specimen are different at 50 Hz and 200 Hz when loci are controlled to be the same probably due to higher-order harmonics. The experimental data provide valuable reference to design and optimize the 3-D flux electrical machines.
